This paper develops closed-loop tactile controllers for dexterous manipulation with dual-arm robotic palms. Tactile dexterity is an approach to dexterous manipulation that plans for robot/object interactions that render interpretable tactile information for control. We divide the role of tactile control into two goals: 1) control the contact state between the endeffector and the object (contact/no-contact, stick/slip, forces) and 2) control the object state by tracking the object with a tactile-based state estimator.
I. INTRODUCTION
This paper studies the use of tactile sensing for dexterous robotic manipulation, or tactile dexterity. Despite the evidence that humans heavily depend on the sense of touch to manipulate objects [1] , robots still rely mostly on visual feedback. The vision-based approach has been effective for tasks such as pick-and-place [2] but it presents fundamental limitations to accomplish dexterous manipulation tasks that depend on more accurate and controlled contact interactions, such as object reorientation, object insertion, or almost any kind of object use.
The dynamics of manipulating an object are driven primarily by the relative motions and forces at the interfaces where the object contacts the end-effectors and the environment. With this knowledge, we believe that tactile sensors, with their ability to localize contact geometry, detect contact motion, and infer contact forces, should be at the center of our manipulation plans. This work was supported by the Toyota Research Institute (TRI) and the Amazon Research Awards (ARA). This article solely reflects the opinions and conclusions of its authors and not of TRI and Amazon.
Our approach to tactile dexterity, described in Sec. III, is based on planning for robot/object interactions that render interpretable tactile information for control. At its core, this is an approach to robotic manipulation that puts tactile feedback at the center, to bypass some of its common caveats. Tactile information is by nature local and in general is not sufficient to fully describe the state of a manipulated system [3] . Furthermore, the design of feedback policies for systems undergoing physical contact is challenging, even under the assumption of full state feedback [4] , [5] .
In that view, the key question becomes: How do we structure and guide manipulation planning so that tactile feedback is not only relevant, but also convenient? We propose to do it by:
• Restricting contact interactions to a set of manipulation primitives that: 1) Target contacts with the object on geometric-rich features (for estimation); and 2) Define dynamic systems with simple mechanics and efficient closed-loop manipulation policies (for control). We describe four such primitives in Sec. IV. • Dividing the role of tactile control into: 1) Controlling the state of the contacts between end-effector and object; and 2) Controlling the state of the object in its environment. We describe a formulation for both in Sec. V.
We present a first study of this approach in the scenario of a dual-arm robot equipped with high-resolution tactilesensing palms (based on [6] ) as end-effectors, and tasked with manipulating an object on a table-top from an arbitrary initial pose to an arbitrary target pose. An offline graphsearch task planner, described in Sec. VI, sequences the manipulation primitives, which are then executed in a closedloop fashion by the robot. The focus of the experiments described in Sec. VII is evaluating the robustness of the system to external perturbations and to uncertainty in the initial pose of the object. Planning to pivot a box. Planning to pivot a box involves several levels of complexity. The robot arms move the end-effectors (palms), which in turn generate the trajectory of contact points that ultimately move the box. Tactile sensors allow us to observe and control these contact points. In this paper, we propose an approach to dexterous manipulation that structures the planning problem so that when unexpected behavior of the contact points is observed with the tactile sensors, the robot can replan the motion of the contact points, palms, and arms in real-time.
II. RELATED WORK
This section outlines previous relevant research in exploiting tactile sensing for manipulation control.
Slip Control Veiga [7] learns a slip detector that predicts slippage of an object within the robot hand. This model is leveraged by [8] to maintain a stable object grasp under externally applied perturbations on a multi fingered robot hand, where each finger acts independently to enforce sticking interactions. Dong [9] develops an incipient slip detection algorithm with a vision-based tactile sensor, GelSlim [6] , and uses it to design a closed-loop tactile controller maintaining stable grasps in a bottle-cap screwing experiment. Both studies focus on controlling stick/slip interactions but do not explicitly control the trajectory of the manipulated object.
Pose Control Tian [10] trains a deep convolutional neural network to predict the motion of a ball rolled on the ground with a tactile finger, directly in tactile space. This model is controlled using sample-based MPC. A drawback of this approach is its need for large quantities of real-world data, which would be challenging to collect for the rich palm/objects interactions considered in this paper.
Li [11] shows that localized object features can be exploited with tactile sensing to recover an accurate estimate of the its pose. This strategy has been showed effective at performing challenging manipulation tasks such as part insertion with small tolerances. Izatt [12] fuses tactile and visual perception by interpreting tactile imprints as local 3D pointclouds within a Kalman filter framework for object pose estimation. More recently, Bauza [13] develops a tactile based pose estimation algorithm that exploits a high resolution tactile map of the object to localize tactile imprints.
Dexterous Manipulation Erdman [14] first studied the use of robotic palms as a way to achieve richer manipulation skills by exploiting the mobility of robotic manipulators. Researchers have investigated robotic palms for scooping [15] , [16] , tilting [17] , grasping [18] , [19] , and collaborative manipulation [20] , [21] . This paper draws inspiration from [22] - [24] by structuring complex manipulation behavior as a combination of simpler manipulation primitives.
III. APPROACH
This paper develops closed-loop tactile controllers enabling robust manipulation behavior, where the robot can react to external object perturbations. We propose an approach that divides the role of tactile control into:
• Contact state control. Enforce a desired contact formation (contact/no-contact, stick/slip) between end effector and object. • Object state control. Control the motion of the object using a contact based state estimator (tactile localization). This paper considers the scenario of manipulating an object from an initial pose to a target pose on a table top. We consider a robotic platform that is 1) dexterous, where both robotic palms can be controlled independently, and 2) tactile sensorized, where each palm is equipped with highresolution tactile sensing (based on GelSlim technology [6] ). We formulate the manipulation problem as a sequencing of manipulation primitives, where each primitive is designed to have a prescribed contact interaction between the robotic palms and the object. Fig. 2 shows the four manipulation primitive considered in this paper. This structuring of the manipulation task into simpler behaviors gives us the freedom to design interactions for which we understand the mechanics, are able to interpret the tactile information, and can develop effective planning algorithms.
IV. MECHANICS OF MANIPULATION PRIMITIVES
This section describes the mechanics of four manipulation primitives: grasp, pull, pivot, and push (shown in Fig. 2 ). For each primitive, the interactions between the palms, the object, and the environment are modeled assuming:
• Known geometry of object, robot, and environment • Known coefficients of friction
Manipulation primitives. a) Grasp: the robotic palms align as a parallel jaw gripper to grasp an object. b) Push: a single robotic palm contacts the object laterally to manipulate it within the plane. c) Pivot: the object is rotated about a point on the table by both palms. d) Pull: the robotic palm presses vertically down on the object to slide it within the support plane.
• Rigid-body interaction • Coulomb's frictional law • Quasi-static interaction • Surface contact interactions with uniform pressure distribution
These simplifications help to design computationally fast trajectory planning algorithms in Section VI. The unmodeled elements of the interactions (non-uniform pressure distributions, inertial forces, deformation of contact, etc.) are addressed by designing closed-loop tactile controllers in Section V that can quickly react to undesirable slippage. Assuming quasi-static interactions, force equilibrium dictates that contact forces on the object with the end-effector or environment are balanced by:
T is the concatenation of the object pose and the left/right palm poses, w i = [c T i τ τ τ T i ] T is the applied wrench on the object by the i th contact in the contact frame, w ext is the external force applied by gravity in the world frame, G i is a grasp matrix transforming the coordinates of a contact wrench from the contact frame to the world frame [25] , and C is the number of contacts. Examples of more in detail description of the mechanics of similar manipulation primitives can be found in [5] for nonprehensile pushing, [26] for prehensile pushing, and [27] for pivoting.
The contact forces are constrained to remain within the friction cone in accordance to Coulomb's frictional law. Denoting the normal and tangential components of the contact force as c i = f n,i f T t,i T , we express Coulomb's frictional law as:
In the case of point contact interactions (grasp and pivot), the contact is unable to sustain frictional moments, implying τ τ τ i = 0. For contacts modeled using surface contacts (push and pull), the surface is able to resist a certain amount of frictional moment. We model surface contacts using the limit surface [28] , which describes the set of forces and moments that can be transmitted through the contact interaction. In practice, we make use of the ellipsoidal approximation to the limit surface introduced in [29] that analytically represents the limit surface as an ellipsoid.
V. TACTILE CONTROL
In this section, we describe tactile-based controllers that give robust behavior to the manipulation primitives. We use GelSlim [6] , an optical-based tactile sensor that renders high resolution images of the contact surface geometry and strain field, as shown in Fig. 5 .
A primary goal of the tactile controller is to enforce a desired contact state between the palms and the object. For example, during a pivot maneouver in Fig. 2(c) , we want both palms to maintain sticking contacts with the corners of the object. By monitoring slippage, we design a controller that regulates the applied forces on the object to prevent further slip. We refer to this as Contact State Control (Sec. V-A). This is shown in Fig. 3 , where the contact state controller rotates the configurations of the palms and applies additional normal force on the object in reaction to a slip event.
An important consequence of undesired slippage is that the position of the object has deviated from the the nominal trajectory. To address this, we make use of the controllers, shown in Fig. 5 , that tracks in real-time local features on the object to continuously replan robot motions for the manipulation primitive. We refer to this as Object State Control (Sec. V-B)
A. Contact State Control
Each primitive assumes a particular contact formation between the palms and the object. This assumption is likely to be broken as unmodeled perturbations are applied on the system and cause undesired slippage. We design a contact state controller that acts to enforce the planned contact modes by reacting to the binary incipient slip signal s i ∈ {0, 1} at contact i , based on [9] .
Coulomb friction states that slippage occurs when the contact force lies on the boundary of the friction cone, as shown in Fig. 4 . Given an undesired slippage signal, Contact state control. How should the robot react to undesirable slippage? We design a model based tactile controller that determine locally optimal robot adjustments to recover from contact state deviations.
we find local robot adjustments leading to a more stable sticking solution (i.e. contact forces nearer to the center of the friction cone). The stability margin φ in Fig. 4 is defined as the shortest distance from the contact force to the friction cone boundary and quantifies how close to slipping is a particular contact. The goal of this controller is to find robot adjustments that either maximize (for sticking) or minimize (for sliding) the stability margin of a contact to enforce a desired contact mode.
Given the slippage signal s i ∈ {0, 1} at each contact and the current robot pose configuration q p = [p T p,l p T p,r ] T , we search for a robot palm pose adjustment ∆q p solving:
with G i , q p , w i , w ext defined in Section IV and where φ is the stability margin shown in Fig. 4 . The notation q p +∆q p is abused here for simplicity. We ensure that q p + ∆q p satisfies SE(3) group constraints and does not violate the kinematics of the contact formation. In practice, this will define a different space of possible robot adjustments for each primitive. For example, in Fig. 2(c) , the palms can press harder and/or pivot about the contact edge. The hyperparameter β i is a weight chosen to enforce the desired behavior at the contact i based on the slip signal s i . For example, following a slippage event at contact i, the controller would increase f n,i . The optimization program in (4) is non-convex due to the nonlinear nature of φ and the bilinear constraint associated with static equilibrium. In [30] , the surrogate stability margin α illustrated in Fig. 4 is proposed as a convex approximation to φ . In (5), we reformulate the optimization program in (4) using the surrogate margin α and linearizing the static equilibrium Eq. (1) about the current robot configuration q p and contact forces f n,i , f t,i for computational efficiency. The linearized contact state controller becomes:
where the symbol (·) is used to evaluate a term at the nominal configuration. The optimization program in (5) then takes the form of a convex quadratic program under a polyhedral approximation to the friction cone [31] .
B. Object State Control
The contact state controller in Section V-A regulates the applied forces on the object to enforce the desired contact mode. This local controller reacts to fight against external perturbations but does not have the ability to change the desired trajectory of the object in response to the perturbation. To address this, we design an object state controller running in parallel tasked with replanning object/palm trajectories to drive the object to its target location.
In this paper we track two types of features: points (corners of the object) and lines (edges of the object). We formulate the tactile object state estimator as an optimization program updating the pose p o of the object to satisfy the geometric constraints associated with the tactile features, as shown in Fig. 5 . We quantify the error between two poses using the distance d T S (p o , p o ), where d T S is defined as the weighted sum of the Euclidean metric in R 3 and the great circle angle metric in SO(3) for the respective components [32] . We enforce that detected lines are collinear with their associated edge on the object mesh and that the sensed points are coincident with the object corner. In addition to the detected geometric constraint, We constrain the estimated object pose to satisfy the geometric constraints consistent with the current manipulation primitive. For example, for a pull primitive, we enforces that the bottom surface of the object is in contact with the table top.
The estimated object pose is used to update the nominal robot palm pose trajectory and allows the robot to adapt to local object perturbations. This is further described in Sec. VI-B.
VI. PLANNING
We formulate the manipulation planning problem as a sequencing of manipulation primitives, as described in Section IV. This section presents how to 1) sequence the manipulation primitives to achieve the task and 2) how to plan robot trajectories within a manipulation primitive to achieve a given object transformation.
A. Search for Primitive Sequence
We formulate the search for the primitive sequence as a graph search problem. We adapt the regrasp graphs developed in [27] , [33] to include a broader set of manipulation primitives. The nodes of the manipulation graph represent the stable placements of the object and the edges represent manipulation primitive actions transforming the object from a stable placement to another. We search for the shortest path within the constructed path achieving the desired pose to pose reconfiguration using Dijkstra's algorithm. In the experiment shown in the title figure, the primitive sequence pull→pivot→push is found to achieve the desired object transformations. We refer the readers to [33] for more details regarding the graph search planning framework.
B. Trajectory Planning
Once the sequence of primitives is found, we compute the robot/object pose trajectories for each primitive individually. We design primitive specific planners returning a robot/object pose trajectory satisfying a desired object reconfiguration. We require that the planner can regenerate trajectories at fast frequencies to exploit the tactile object state estimator developed in Section V-B.
For grasp and pull, we plan for object motions that kinematically stick to the end effectors. For these, we interpolate between the initial and final poses of the object to determine the palm pose trajectory. For pivot, we compute an interpolated object trajectory between its initial and final poses about a specified center of rotation. Solving (1), we find the a palm pose relative to the object that maintains a sticking interaction at all contacts. Finally, for push, we employ a Dubins' car planner that computes the time-optimal trajectory relating the initial and final object configurations via a single push [34] . We consider pushes in all sides of the object and execute the trajectory with the shortest path.
VII. RESULTS
We validate our approach to tactile dexterity on an ABB YuMi dual-arm robot where we evaluate the ability of the tactile controller to handle external perturbations on a table top manipulation task.
The title figure shows snapshots of an experiment where the robot manipulates an object from the initial pose q 0 = [0.3, −0.2, 0.07, 0.38, 0.60, 0.60, 0.38] T to the target pose q f = [0.45, 0.3, 0.045, 0.0, 0.71, 0.0, 0.71] T . To achieve the task, the robot follows the sequence: pull the object to the middle of the table, pivot the object to its target placement, and push it to its target location. The initial pull primitive is necessary to move the object to a location that allows the robot to perform a pivot manoeuvre with well defined inverse kinematics and that avoids collisions with the environment.
In Fig. 6 , we evaluate the closed-loop performance of the tactile controller presented in Section V by quantifying its ability to handle external object perturbations during execution. We consider the regulation task of maintaining the object in a stationary pose for the pull and grasp primitives. The regulation task allows to better visualize the reactive capabilities of the controller without any loss of generality. In each experiment, we apply two successive impulsive forces on the object and evaluate the stabilizing capabilities of the tactile controller. Figure 6 plots the mean and standard deviation of the error between the object's desired and measured pose for 5 consecutive experiments. In both cases, the controller quickly reacts to the disturbance by 1) detecting slippage events at the contact interfaces and 2) tracking the pose of the object using the detected object edge in the tactile signal. First, the applied normal force is increased following (5) in reaction to the detected slippage at the contact interface. Second, the robot replans its trajectory in real-time using the tactile state estimate such that the object quickly returns to its nominal pose. During this experiment, an apriltag is used to provide the ground truth pose of the object.
VIII. DISCUSSION
This paper introduces tactile dexterity, an approach to dexterous manipulation that exploits tactile sensing for reactive control. By structuring the manipulation problem as a sequence of manipulation primitives that render interpretable Fig. 6 . Closed-loop evaluation of the tactile controller. We consider the task of maintaining the object in a stationary pose under external perturbations. When perturbed, the contact state controller increases the normal force on the object to prevent slippage while the contact state controller replans robot motions to bring the object back to its nominal pose. tactile information, we enable tactile object state estimation, tactile object control, and robust manipulation behavior. This requires restricting the types of primitive interactions so they yield simple rigid body mechanics models and efficient planners. We show that the developed tactile controllers modulate grasp forces, track the pose of the object, and handle external perturbations by replanning in real-time.
This research relies on a number of important assumptions about the structure of the problem:
• Manipulation primitives. We use human intuition to develop a library of manipulation primitives that are amenable for planning and control (for controllability). • Tactile Pose Estimation. We assume that the pose of the object can be reconstructed from tactile observations (for observability). • Known environment. The manipulation primitives and planning are tailored to a flat surface environment.
These assumptions facilitate the development of state estimation, planning, and control frameworks capable of exploiting tactile sensing for dexterous manipulation. They constitute both the limitations, as well as strengths of the approach. We believe that there are natural extensions to generalize this approach to dexterous manipulation that puts tactile feedback at the center.
General Manipulation Primitives. Developing manipulation primitives with richer contact interactions (contact switches, stick/slip interactions, etc.) will allow more expressive behavior. Due to increased complexity of the mechanics of these primitives, they will likely benefit even more from real-time tactile observations of contact. This line of research will requires controller architectures that can reason across hybrid contact switches.
Another interesting possibility currently in vogue is to learn manipulation primitives from experience, and defining a primitive more generally as a behavior for which the robot can learn a stable controller. This would potentially reduce the need for human intuition.
Object tracking. A formal approach to characterize object observability directly from tactile feedback could assist with identify discriminative features and grasps of the object. Combining touch with vision is a natural extension of this research that would allow the robot to recover from larger object disturbances.
Task-and-Motion Planning. To deal with more complex environments and tasks (e.g., pick up the box and put it on a shelf, or inside a closed drawer), we need to integrate the system with a high level task planner that can sequence manipulation primitives each with its own reachability and preconditions. Ideally, these planners would be reactive and allow the robot to switch primitives in response to unexpected deviations.
